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Higgsino has been intensively searched for in the LHC experiments in recent years. Currently,
there is an uncharted region beyond the LEP Higgsino mass limit where the mass splitting between
the neutral and charged Higgsinos is around 0.3–1 GeV, which is unexplored by either the soft
di-lepton or disappearing track searches. This region is, however, of great importance from a phe-
nomenological point of view, as many supersymmetric models predict such a mass spectrum. In this
letter, we propose a possibility of filling this gap by using a soft micro-displaced track on top of the
mono-jet event selection, which allows us to discriminate a signature of the charged Higgsino decay
from the Standard Model background. It is found that this new strategy is potentially sensitive
to a Higgsino mass of . 180 (250) GeV at the LHC Run 2 (HL-LHC) for a charged-neutral mass
splitting of ' 0.5 GeV.
I. INTRODUCTION
The absence of a Dark Matter (DM) candidate in the
Standard Model (SM) invokes the strongest motivation
for the extension of the SM. Among various DM can-
didates, Weakly Interacting Massive Particles (WIMPs)
are the most promising and well-motivated, since the cor-
rect DM abundance can be obtained via the conventional
freeze-out mechanism [1, 2] and many popular extensions
of the SM provide such a particle.
Higgsino—the fermionic partner of the Higgs fields in
the supersymmetric SM (SSM)—is a well-known exam-
ple for a WIMP. If the Higgsino is the lightest super-
symmetric particle and its mass is . 1 TeV, its thermal
relic abundance is consistent with the observed DM den-
sity [3], ΩDMh
2 = 0.120 [4], making it a promising can-
didate for WIMP DM. A similar DM candidate, a stable
SU(2)L doublet fermion, is also frequently considered in
the bottom-up approach; systematic classification of DM
candidates in terms of gauge charges reveals that the dou-
blet fermion is the simplest possibility for gauge-portal
DM [3, 5, 6]. Such a DM candidate is, therefore, a cru-
cial target for the DM hunting. In this context those are
collectively referred to as “Higgsino” in what follows.
In SSMs, the Higgsino mass is connected to the scale
of the electroweak symmetry breaking, and thus the nat-
uralness argument requires it to be around the weak
scale [7]. Moreover, in some cases, the Higgsino mass
is radiatively generated from the gaugino loops and
suppressed by a loop factor compared to the gaugino
masses [8]. These theoretical considerations suggest that
Higgsino is rather light and thus potentially accessible by
the LHC experiments.
There are various alternative ways to detect the Hig-
gsino DM. For example, the DM direct/indirect detection
experiments have already put some constraints on the
Higgsino DM. These experiments, however, suffer from
large astrophysical uncertainties [9–12]. Moreover, the
constraints are usually obtained on the assumption that
DM is solely composed of Higgsino; if this is not the case,
these constraints would be significantly weaker. Collider
experiments are, on the other hand, free from such un-
certainties, and thus DM searches at colliders can offer
the most conservative test for the Higgsino DM scenario.
The Higgsino search strategy at colliders strongly de-
pends on the mass splitting among the Higgsino DM and
its isospin partners. If the mass splitting is greater than
O(1) GeV, Higgsinos can be probed with multi-lepton
signals [13–16]. For small mass difference . 300 MeV,
on the other hand, the charged Higgsino can be long-
lived and detected in the disappearing charged track
searches [17]. Improvement of the tracking techniques
at future colliders may enable to probe even 1 TeV Hig-
gsinos with this strategy [18, 19].
Meanwhile, the intermediate region, i.e., mass splitting
of around 0.3–1 GeV, has never been probed at the LHC.
This letter proposes a new search strategy to explore this
region by utilizing a soft pion from the decay of a charged
Higgsino [20], which has a barely discernible lifetime with
the tracker resolution at the LHC, and demonstrates such
a micro-displaced pion can be an effective signature to
distinguish the signal events from the SM background.
II. HIGGSINO PHENOMENOLOGY
Higgsino H˜u,d is a pair of SU(2)L doublet Weyl
fermions with hypercharge Y = ±1/2. Conventionally,
its mass is denoted by µ, L 3 −µH˜uH˜d + h.c., and we
take it to be real and positive without loss of generality.
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2The completely pure Higgsino DM has already been
excluded, as the DM is a Dirac fermion and the Z-boson-
mediated nucleon scattering cross section is far above the
current direct detection limits. For a Higgsino to be a vi-
able DM candidate, therefore, some new particles heav-
ier than the Higgsino are required. In the minimal SSM
(MSSM), the mixing with gauginos splits the Higgsino
into Majorana fermions, for which the direct detection
limits are avoided [21, 22].
After the electroweak symmetry breaking, the Hig-
gsino doublet is decomposed into two neutral Majorana
fermions (χ01, χ
0
2) and a charged fermion (χ
±). We adopt
the convention ∆m0 ≡ mχ02 − mχ01 > 0, and define
∆m± ≡ mχ± − mχ01 . ∆m0 is mainly induced via the
tree-level mixing with heavier particles—bino or wino in
the MSSM—and can be approximated by
∆mtree0 'M2Z
∣∣∣∣ c2WM2 + s
2
W
M1
∣∣∣∣ , (1)
where cW = cos θW and sW = sin θW with θW the Wein-
berg angle, and MZ , M1, M2 are the masses of the Z
boson, bino, and wino, respectively. On the other hand,
the charged-neutral mass difference receives electroweak
radiative corrections as well, and thus is expressed as
∆m± = ∆mrad± + ∆m
tree
± with
∆mrad± '
α2s
2
Wµ
2pi
∫ 1
0
dt(1 + t) ln
[
1 +
M2Z(1− t)
µ2t2
]
,
(2)
∆mtree± '
∆mtree0
2
+ sin 2βM2Z
(
c2W
M2
− s
2
W
M1
)
, (3)
where α2 is the fine structure constant for the SU(2)L
gauge interaction and tanβ ≡ 〈Hu〉/〈Hd〉. For µMZ ,
∆mrad± '
α2MZ
2
sin2 θW ' 354 MeV. (4)
Note that the above estimations can be modified with
radiative corrections by O(10)% [21].
In the MSSM, the mass splittings get larger for a larger
Higgsino-gauginos mixing. This mixing also increases
the DM-nucleon scattering cross sections and electronic
dipole moments (EDMs) of the SM fermions. As a re-
sult, there is a strong correlation between the Higgsino
mass splittings and these observables [19], and in par-
ticular, large mass splitting regions are testable in DM
direct detection and EDM experiments.
In order to see this correlation, let us consider the
Higgsino-nucleon elastic scattering, which is dominantly
induced by the tree-level Higgs-boson exchange process.
If, e.g., the gaugino masses are real and obey the so-called
GUT relation, M1/M2 = α1/α2, then we find a simple
relation between the charged-neutral mass splitting ∆m±
and the spin-independent Higgsino DM-proton scattering
cross section σSI:
∆m± ∼ ∆mrad± + 170 MeV
(
σSI
10−48 cm2
)1/2
, (5)
for tanβ  1. The current experimental bound on σSI
is approximately given by 10−46 cm2(mχ01/100 GeV) as-
suming that the Higgsino DM local density to be ρχ01 =
0.3 GeV/cm3 [23]. It is found then the present limit
has already imposed a limit ∆mtree± > O(1) GeV. Nev-
ertheless, the region of ∆mtree± < O(100) MeV cannot
be probed in direct detection experiments even if their
sensitivities are improved down to the neutrino floor.
A similar argument can also be made for EDMs. If
the gaugino-Higgsino system has CP violation, EDMs
are induced at two-loop level [24, 25]. The size of the
EDMs and the mass splitting ∆mtree± are also strongly
correlated. It is, however, difficult to probe the region
∆mtree± < O(100) MeV even with future experiments [19].
Therefore, it is important to uncover the parameter
region ∆mtree± < O(100) MeV at a collider. The Hig-
gsino phenomenology at a collider is sensitive to the de-
cay modes and rates of the heavier Higgsino components,
which significantly depend on the mass splittings. If, in
particular, mpi± < ∆m±  1 GeV, with mpi± the mass of
the charged pion pi±, the main decay mode of the charged
Higgsino component is χ± → χ01,2pi± [26]. The partial
decay length of χ± → χ01pi± is approximately given by
[27, 28]
Γ−1
χ±→χ01pi± '
14 mm
~c
×
[(
∆m±
340 MeV
)3√
1− m
2
pi±
∆m2±
]−1
.
(6)
The decay χ± → χ02pi± is also possible if ∆m±−∆m0 >
mpi± and this decay rate can be obtained by replacing
∆m± by ∆m± −∆m0 in Eq. (6).
If the tree-level mass difference is small enough,
∆mtree±  100 MeV, the decay length of the charged
Higgsino is sufficiently long, O(1) cm, so that the disap-
pearing charged track search can test the Higgsino DM
[19], as in the case of the wino DM [29–32].
III. THE SOFT-DISPLACED PION SIGNAL
FROM THE HIGGSINO DECAY AT LHC
Higgsinos can be pair-produced via the Drell-Yan pro-
cess at the LHC, which eventually yield a pair of the
lightest Higgsinos χ01, the DM candidate. The so-called
“mono-jet search” is regarded as a model-independent
search for DM production at the LHC, where the signal is
an invisible pair-production of DM particles accompanied
by a jet from initial-state radiation (ISR). This search is,
however, not very sensitive to Higgsinos [33, 34]; as illus-
trated in our past re-interpretation of the ATLAS mono-
3jet search, currently it does not give any constraints on
the Higgsino DM [35].
Adding a distinctive signature may improve the sen-
sitivity in specific parameter spaces. For instance, if
the mass difference ∆m± and ∆m0 are greater than
O(1) GeV, soft di-leptons from the heavier neutral Hig-
gsino (χ02) decays become an important discriminant of
the Higgsino signals. Meanwhile, if ∆m± is smaller than
around 0.3 GeV, the charged Higgsino (χ±) can be long-
lived, as shown in Eq. (6), and it may be detected as a
disappearing charged track. Both search strategies have
been used in ATLAS [36, 37] and CMS [38].
Remarkably, the parameter region 0.3<∼∆m±<∼ 1 GeV
has never been explored at the LHC, and the LEP still
gives the strongest constraint [39]. This is due to a lack of
distinctive signatures to be added to the mono-jet event
topology in this region. We, however, notice that com-
pared to the “disappearing track” regime, the decay pion
in this region can be hard enough to surpass the track
reconstruction momentum threshold of 500 MeV, while
the charged Higgsino lifetime still remains discernible by
the pion track’s displacement from the primary pp inter-
action. As we see below, this signature can distinguish
the Higgsino events from the SM background and thus
offer a promising way of filling “∆m± gap” at the LHC.
The performance of the ATLAS detector [40] is semi-
quantitatively mimicked as follows: the number of pileup
is assumed to be 〈µ〉 = 35 and 〈µ〉 = 200 for Run 2 and
high-luminosity LHC (HL-LHC) respectively; the track
reconstruction efficiency for charged hadrons is conser-
vatively assumed to be 80% for pT > 500 MeV and
|η| < 2.5, and charged hadrons which do not satisfy this
condition are discarded; the resolution of the transverse
impact parameter is parameterized as σd0(pT) [mm] =
0.01 + 0.08/(pT/GeV), and σ∆z0 = 5σd0 and σ∆z0 = σd0
is assumed for LHC Run 2 and for HL-LHC, respec-
tively [41]. This configuration takes account of installing
a factor-5 finer resolution pixel detector in z-direction
for HL-LHC in ATLAS [42]. The non-Gaussianity of the
impact parameter resolution due to multiple Coulomb
scattering and secondary particles by nuclear interaction
with the detector material is important to take into ac-
count. In order to incorporate this, a Crystal Ball func-
tion with a Gaussian core up to ±2σ and power-law tail
of slope three is used. This treatment can well reproduce
the measurement of the ATLAS impact parameter distri-
bution for minimum-bias events inclusive of primary and
secondary charged particles [43].
For the Monte-Carlo simulation, Madgraph5 [44]
event generator interfaced to Pythia8 [45] parton shower
and hadronization is used, and the detector response is
simulated by Delphes3 [46]. The NLO-NLL cross sec-
tions are referred [47–49]. All main SM background con-
tributions present in the mono-jet searches are included,
and the event yield is adjusted to match with the mono-
jet data of Ref. [35].
In order to demonstrate the sensitivity gain with re-
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FIG. 1. The signal and SM background distributions in pT
(left) and S(d0) (right) after the rest of the selection criteria
(see the text) are applied for each case, for an integrated
luminosity of 140 fb−1. For the signal Higgsino, the case of
mχ01
= 140 GeV, ∆m± = 500 MeV and ∆m0 = 0 MeV is
shown. The dashed lines show the distribution of the tracks
from the true Higgsino decay; the difference between the red
solid and dashed lines is due to the SM BG contributions in
the signal events.
spect to the mono-jet search, the same event selection
criteria as the ATLAS mono-jet search is taken as the
baseline selection [35]: a leading jet with pT > 250 GeV
and |η| < 2.4; up to four jets with pT > 30 GeV and
|η| < 2.8; separation with missing transverse momentum
∆φ(jet, ~pmissT ) > 0.4; leptons are vetoed. The magnitude
of the missing transverse momentum, EmissT , for the sig-
nal region is required to be EmissT > 500 GeV for the
Run 2 140 fb−1 and EmissT > 700 GeV for the HL-LHC
3 ab−1. With the above selection, the remaining back-
grounds are mainly Z(→ νν¯) and W (→ `ν).
On top of the mono-jet selection, we require at least
one additional track satisfying the following conditions,
which is expected to be the charged pion from the decay
of the charged Higgsino:
• Basic Selection: 1.2 GeV < pT < 5 GeV; |η| < 1.5;
|∆z0 sin(θ)| < 1.5 mm and |d0| < 10 mm. The
candidate must have a hit at the innermost pixel
layer, located at r = 33 mm in the ATLAS detector;
• Isolation: The candidate track is separated by
∆R ≡√(∆φ)2 + (∆η)2 > 1 for any tracks of which
pT > 1 GeV, |∆z0 sin(θ)| < 1.5 mm and |d0| < 1.5
mm;
• Displacement: The transverse impact parameter of
the signal track is large: S(d0) ≡ |d0|/σd0 > 6.
This slight displacement arises from a sizable life-
time of the charged Higgsino;
• Alignment to EmissT direction: ∆φ(trk., ~pmissT ) < 1.
FIG. 1 shows the signal and background distributions
in pT and S(d0) after the rest of the selection criteria
are applied for each case. The sensitivity may further
improve by, e.g., introducing a multivariate analysis, but
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FIG. 2. The expected reaches of the Higgsino search with
our method at the LHC Run2 140 fb−1 and HL-LHC 3 ab−1
shown in the red and blue areas, respectively, for ∆m0 =
0 GeV (solid) and 2∆m± (dashed). The dotted lines show the
±50% uncertainty of the background estimation for ∆m0 =
0 GeV. The gray, green, and purple regions are excluded by
the LEP [39], the disappearing track search [17], and the soft
dilepton search [16], respectively. The LZ sensitivity [50] is
also shown in the black solid and dashed lines for the cases
discussed in the text.
such an optimization is beyond the scope of this letter.
Around 10–20 tracks satisfy the Basic Selection for each
background event. In order to quantify the selection and
rejection efficiency, the track’s relative pass rate is de-
fined as the rate of passing each selection step with re-
spect to that surviving the previous step in the same or-
der as above. The pass rate for the QCD-origin tracks for
the isolation, displacement and EmissT -alignment selection
steps are around 4%, 2% and 40%, respectively. The iso-
lation requirement efficiently suppresses the tracks from
heavy flavor hadrons. It is observed that tracks from the
τ decay tend to pass the selection with a total pass rate of
around 1%, which is much larger than that for the QCD
tracks. The requirement pT < 5 GeV plays a significant
role to reject the τ decay products.
For the above set of track selections, the signal selec-
tion efficiency is larger for events with larger EmissT , as
Higgsinos tend to be more boosted by the ISR recoil. In
the case that ∆m± ' 500 MeV, the acceptance rate of
the signal track requirement is around 5%. For the HL-
LHC, it reduces to 3% due to the failure of the isolation
selection by larger pileup. The background event yield
passing all the selections is estimated to be around 0.5%
of the events that have passed the mono-jet selection.
With this selection, the number of background events
is around 250 and 1000 for Run 2 140 fb−1 and HL-LHC
3 ab−1, respectively. Given that the background tracks
are largely originated from relatively soft QCD processes
as well as from secondary interactions, yield estimation
by MC simulation might not be sufficiently accurate, and
thus a data-driven background estimation would be more
reliable. As a mimic of data-driven background estima-
tion, the so-called “ABCD method” [51] using EmissT and
S(d0) as the two orthogonal variables is attempted. It is
found that the statistics of the background events in the
control regions are abundant (> 2000 for each a control
region), that the orthogonality between these two vari-
ables is very good, and that a good closure within sta-
tistical uncertainty of around 3% is obtained. The rem-
nant backgrounds are secondary particles (decays from
KS , strange baryons etc.) (∼ 50%), mis-measurement
of primary particles (∼ 30%) and pileup (∼ 20%) for
the Z(→ νν¯) event at Run 2. For the HL-LHC setup,
the pileup contributions increase up to around 60%. For
the W (→ `ν) background, the dominant (∼ 50%) con-
tribution arises from τ decay products. It is found that
this result does not strongly depend on the choice of the
Pythia8 tune. It is also confirmed that the contribution
from the converted photon [52–54] is negligible.
In FIG. 2, we show the expected reaches of the Hig-
gsino search at the LHC with an integrated luminosity
of 140 fb−1 (red region) and 3 ab−1 (blue region). We
adopt the CLs prescription [55] to derive the 95% CLs
limit, assuming the systematic uncertainty of the back-
ground estimation to be 3%. The solid (dashed) lines
show the case of ∆m0 = 0 (2m±). In the latter case,
the lifetime of the charged Higgsino is twice as large as
that in the former due to the absence of the χ± → χ02pi±
decay mode, and hence a larger mass splitting region can
be probed. For reference, in the dotted lines, we show the
variation in the limit when scaling the background yield
by ±50% for ∆m0 = 0. The current collider constraints
are also overlaid [16, 17, 39]. This figure shows that it is
possible to probe the Higgsino mass up to 180 (250) GeV
for ∆m± = 500 MeV at Run 2 (HL-LHC).
We also show in Fig. 2 the prospects of the future DM
direct searches, for which we consider the LZ experiment
as an example [50], where we assume the GUT relation
for gaugino masses and take a large tanβ. The black
solid line corresponds to the case where the whole DM
consists of Higgsinos, while the black dashed line is for
a more conservative case in which we set the amount
of Higgsino equal to its thermal relic abundance (and
thus only a sub-component of the DM density is occupied
by Higgsinos). As we see, the Higgsino search with our
method is complementary to the DM direct detection
experiments, and thus plays a crucial role in testing the
light Higgsino scenario.
IV. CONCLUSION AND DISCUSSION
In this work, we have explored the possibility of mak-
ing use of a soft displaced track as a new probe of the
Higgsino search at the LHC. It was found that requiring
such a track in the ISR-recoiled events with a significant
5EmissT would enable a clean separation of the Higgsino
signal from SM backgrounds. This method allows us to
access the parameter region to which the existing LHC
searches have never been sensitive beyond the LEP limit.
Given that reconstruction of such soft displaced tracks is
feasible with the mere use of the established standard
tracking method and that the dataset has already been
recorded, the installation of this search method to the
LHC experiments is to be an urgent task.
Tagging a soft displaced track is useful for not only
Higgsino but also other DM models. For instance, in the
sfermion-neutralino coannihilation region, the decay of
sfermions may emit such a soft particle. Another example
is the 5-plet minimal DM case [5], for which the decay
length of the doubly charged particle is around 1 mm and
thus the present method will be applicable.
In the present work, we have focused on Higgsinos with
a decay length of . 10 mm. For a longer decay length, we
can consider combination of a disappearing charged track
and a soft track as a “kink” signature, which may extend
the sensitivity further. Technical development in this di-
rection is indeed present within ATLAS [56]. This is also
useful for the measurement of the DM properties, such
as the lifetime and mass spectrum. Such information is
crucial for the determination of the quantum number of
the DM and underlying fundamental physics.
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